Abstract. Osteoporosis is liable to affect patients with gonadal hormone deficiency, and a supplement of androgens may be used to increase bone density of patients with osteoporosis. Since the androgens currently used may cause severe side effects, it is useful to investigate the effect of other androgens and progestin on bone improvement. The aim of the current study was to investigate the effects of pregnenolone (Preg), androstenedione (AD), etiocholanolone (Etio), androsterone (An), nandrolone (NA) and testosterone (T) on the proliferation and differentiation of osteoblasts for potential clinical applications. Human osteoblasts were cultured and treated with androgens and progestin, including Preg, AD, Etio, An, NA, and T, at concentrations of 0, 10 
Introduction
The skeleton provides a mechanical structure for supporting the human torso, protects internal organs, stores minerals and facilitates movement. Bone has a number of important roles, including making red and white blood cells, and generating and secreting various active substances capable of modulating biological function in tissues and organs (1) (2) (3) . Bone tissue, an endocrine organ, may directly or indirectly modulate skeletal muscle metabolism (4) . In recent decades, osteoporosis has become one of the major diseases in the elderly population. Worldwide, millions of people suffer from osteoporosis and are at a high risk of fractures due to low bone mass (5) . Numerous cytological studies on the prevention and treatment of osteoporosis have been conducted in the course of drug development (6) . Osteoblasts and osteoclasts are responsible for forming, destroying, remodeling and repairing the organic and inorganic matrix that constitutes bones (6) (7) (8) (9) . Bone metabolism, which is associated with normal growth, fractures and osteoporosis due to postmenopausal and age-related osteopenia, is highly regulated and balanced between bone formation via osteoblasts and bone resorption via osteoclasts (10) . Investigations on the proliferation and differentiation of osteoblasts are crucial to studies on the formation of bone and its constant remodeling.
Clinical observations indicate that osteoporosis is often diagnosed in older patients (age, >50 years) or post-menopausal women and the practice of hormone replacement therapy improves bone density in osteoporosis patients (11) (12) (13) (14) (15) (16) . The effects of both estrogen and androgen on the maintenance of bone mass have been widely studied in the past few decades (17) . It is known that estrogen has positive effects on bone formation and the inhibition of bone resorption. Current estimates state that approximately 20% of Americans with osteopenia or osteoporosis are male (18) , which suggests that men were better protected against osteoporosis and osteoporotic fractures compared with women. Some evidence suggests that older men have a risk of osteoporosis when their androgen levels decrease, and androgenic steroids have the proven ability to promote osteogenesis (19) . On the other hand, muscle and bone are in constant interaction. With aging, there is a progressive decline in muscle mass, known as sarcopenia, as well as in bone mass, known as osteopenia/osteoporosis (19) . The above studies have demonstrated that androgen plays a significant role in the maintenance of bone mass and muscle, with benefits in the treatment of osteoporosis.
However, the anabolic steroids involved in hormone replacement therapy may cause severe side effects, including changes in mood and libido, increase of aggression, and pathological cardiovascular symptoms (20, 21) . The intake of steroids with strong androgenic pharmacological actions, including testosterone (17β-hydroxy-androst-4-en-3-one; T) and dihydrotestosterone (17β-hydroxy-5α-androstan-3-one; DHT), induce virilescence in women (22) . Therefore, other related steroids should be considered as short-term substitutes or supplements to attenuate these adverse effects in the treatment of osteoporosis.
Steroids with weak androgenic effect and the precursors of androgenic hormones may be considered as candidates. Pregnenolone (3β-hydroxy-5-pregnen-20-one; Preg) is an endogenous progestin and an essential precursor for all other steroid hormones (23) . Androstenedione (androst-4-ene-3,17-dione; AD) is an endogenous androgen and an intermediate in the biosynthesis of T. It is also the precursor of certain androgens and estrogens (24) . Etiocholanolone (3α-hydroxy-5β-androstan-17-one; Etio) is an endogenous 5β-androstane steroid, which is one of the major excreted metabolites of testosterone (25) . Androsterone (3α-hydroxy-5α-androstan-17-one; An), an endogenous steroid hormone and putative pheromone (26) , is a weak androgen with one-seventh of the androgenic effect of T (27) . Unlike the naturally occurring steroids above, nandrolone (17β-hydroxy-19-nor-4-androsten-3-one; NA) is a synthetic anabolic-androgenic steroid derived from T. A previous study has described that the positive effects of NA include reducing time to bone consolidation (28) . The chemical structures of these steroids are illustrated in Fig. 1 .
To the best of the authors' knowledge, the effects on osteoblasts of progestin and the aforementioned androgens have not been reported. T, the primary male sex hormone, can be converted to estrogen in vivo, which was considered to be the mechanism for the effectiveness of T in bone regeneration in a previous study (29) . Although the stimulatory effect of T incorporated into polymer-bioceramic on osteoblast proliferation has been described previously (30) , the independent effect of T on osteoblast proliferation was determined in this study.
The aim of the present study was to reveal the proliferation and differentiation effects of Preg, AD, Etio, An and NA on human osteoblasts and to explore the potential application of Preg, AD, Etio and An in treating osteoporosis.
Materials and methods
Materials. Phosphate-buffered saline, Dulbecco's modified Eagle's medium (DMEM) with low glucose, trypsine-ethylenediaminetetraacetic acid (EDTA) and penicillin/streptomycin were obtained from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Fetal bovine serum (FBS) was purchased from Biological Industries (Kibbutz Beit Haemek, Israel). Preg, AD, Etio, An, NA and T were from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
Cell culture and drug intervention. Human fetal osteoblasts (hFOB1.19; ATCC CRL-11372; American Type Culture Collection, Manassas, VA, USA) were thawed and sub-cultured in low-glucose DMEM supplemented with 10% FBS and 1% penicillin/streptomycin in a humidified incubator at 37˚C with 5% CO 2 . The medium was changed every 2 days. The cells were trypsinized with 0.25% trypsin-EDTA and seeded. The culture medium was then changed to the treatment medium, made with low-glucose DMEM, 10% FBS, 1% penicillin-streptomycin, 50 mg/ml ascorbic acid, 0.01 mol/l glycerol-2-phosphate, 100 nmol/l dexamethasone and supplemented with drugs (Preg, AD, Etio, An, NA and T). These drugs were added at various concentrations. The non-drug group (0 mol/l) was used as a blank control. The measurement for each concentration was conducted six times, and the mean value was used in analysis.
Cell metabolic activity was assessed with an MTS assay, as described below. Cells were seeded in tissue culture plates at a density of 1x10 4 Cell proliferation assessment. Cell proliferation was assessed using an MTS assay (CellTiter 96™ AQueous Assay; Promega Corporation, Madison, WI, USA), following cell culture for 24 h. The MTS and phenazine methosulfate (PMS) solution were warmed and mixed at a ratio of MTS:PMS=20:1. Then, 200 µl of the mixed solution and 1 ml culture medium were added to each well, and the cells were incubated for 2 h at 37˚C. The absorbance of the supernatant was measured using a spectrophotometer at a wavelength of 490 nm and the optical density (OD) values recorded.
ALP activity assay. An ALP assay was performed following 5 days of cell culture with the drugs at a concentration of 10 -10 mol/l. The activity of ALP, an exo-enzyme used as the marker of the osteoblastic phenotype, was measured using an Alkaline Phosphatase Assay kit (Anaspec, Inc., Fremont, CA, USA) according to the manufacturer's protocol. Briefly, the cells were lysed in 600 µl lysis buffer provided in the kit under continuous scratching with a pipette tip. The lysate was then centrifuged for 15 min at 10,000 x g at 4˚C. The supernatant was added to a non-tissue culture treated plate and p-Nitrophenyl Phosphate Disodium (Pnpp) ALP substrate solution was added to each well. The plate was incubated at 37˚C for 1 h. The stop solution provided with the kit was added to each well following incubation and the absorbance of the solution was measured using a spectrophotometer at a wavelength of 405 nm. The values of ALP activity (U/l) were recorded.
Osteocalcin secretion. Osteocalcin, also called bone γ-carbo xyglutamic-acid-containing protein (BGP), is one of the most abundant proteins in bone and is produced exclusively by osteoblasts; it has been used as a serum marker of osteoblastic bone formation (31) . A BGP assay was performed on cells cultured with the drugs at a concentration of 10 -10 mol/l for 5 days. A total of 25 µl culture medium was analyzed using a BGP ELISA kit (cat. no. JL19437-48T; Shanghai Jianglai Bio-Technology Co., Ltd., China) according to the manufacturer's protocol. The BGP concentration (µg/l) was recorded.
Statistical analysis. A one-way analysis of variance and
Tukey's post-hoc test were used to assess significant differences. Data are presented as the mean ± standard deviation. SPSS version 20 (IBM Corp., Armonk, NY, USA) was used for statistical analysis. P<0.05 was considered to indicate a statistically significant difference. -6 and 10 -5 mol/l were analyzed using an MTS assay. The measured OD values for Preg, AD, Etio, An, NA and T with various concentrations were plotted and are presented in Figs. 2-7 , respectively. Cells treated with 10 -10 and 10 -8 mol/l Preg exhibited significantly increased proliferation rate compared with the blank control group (Fig. 2) . This finding was consistent with the effective concentrations for AD and Etio, which also induced a significant increase in proliferation at 10 -10 and 10 -8 mol/l compared with the control (Figs. 3 and 4 ). An significantly increased cell proliferation at 10 -10 mol/l (Fig. 5) . T was not as effective as expected for cell proliferation at these concentrations. Nevertheless, the results of T still indicated that proliferation was significantly increased in the 10 -10 and 
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-8 mol/l groups compared with the control group (Fig. 7) . These results suggested that Preg, AD, Etio and An should be considered functional steroids in certain situations. It was also suggested that Etio and An would be more effective at ~10 -6 and 10 -5 mol/l demonstrated significantly increased proliferation compared with the blank control (all P<0.05; Fig. 6 ). T plays a key role in the physiological process for males and females, and is essential for health (22) and for the prevention of osteoporosis (32) . The differences in effect on proliferation rate between T and the respective steroid (Preg, AD, Etio An and NA) at concentrations of 10 -10 and 10 -8 mol/l were inspected in which the ratio of OD drug to OD blank was utilized as a parameter. No obvious differences in proliferation efficiency between T and the respective steroid (Preg, AD, Etio, An and NA) at the concentration of 10 -10 mol/l were observed in the present study (Fig. 8) . However, An significantly decreased cell proliferation and NA significantly increased cell proliferation compared with T at a concentration of 10 -8 mol/l (P<0.05; Fig. 9 ). ALP activity. The results of the MTS assay indicated that Preg, AD, Etio, NA and T demonstrated enhancing effects on proliferation at concentrations of 10 -10 and 10 -8 mol/l, while An exhibited an effect at a concentration of 10 -10 mol/l. Therefore, an ALP assay was performed with these steroids at a concentration of 10 -10 mol/l. The results indicated that Preg, AD, Etio, An, NA and T significantly increased ALP activity compared with the blank control (Fig. 10) .
Osteocalcin secretion. Osteoblasts were cultured with the drugs at a concentration of 10 -10 mol/l, and a BGP assay was performed on day 5. As indicated in Fig. 11 , Preg, AD, Etio, An, NA and T significantly increased BGP secretion significantly at a concentration of 10 -10 mol/l, as compared with the blank control.
Discussion
A deficiency in sex steroids is well-established as a causative factor for osteoporosis and bone loss, and thus hormone replacement therapy is widely used in clinical practice (33) (34) (35) . Although the role that androgens play in bone regeneration has been revealed to be via the estrogen receptors following conversion to estrogen (36, 37) , certain studies have reported that androgens may affect bone regeneration independently (17, 20) . Among the androgens, T and DHT were the main steroids explored in these studies (33) . The present study demonstrated that Preg, AD, Etio, and An could improve the proliferation and differentiation of bone cells in vitro.
Although the effects of these steroids on bone health in vivo may not be an exact replication of those in vitro, their clinically active effects in treating osteoporosis are still worthy of consideration. Preg is a precursor of androgens and estrogens, and AD is a precursor of T, DHT and estrogens. An can be converted into DHT via 3α-hydroxysteroid dehydrogenase and 17β-hydroxysteroid dehydrogenase, and could be considered to be a metabolic intermediate in its own right (38, 39) . Therefore, androgens and progestin, and their metabolites, may promote bone regeneration.
The present study demonstrated that NA stimulated osteoblast proliferation more efficiently compared with T at concentrations of 10 -8 mol/l. Nevertheless, the side effects of NA in clinical practice cannot be ignored. Nephrotoxicity of NA remains a multi-factorial and partly irreversible side effect (40) . A previous study on Wistar female rats treated with NA decanoate revealed that administration of NA damaged uterine tissue and fertility (41) . Etio and An have always been considered to be metabolites of androgens that possess no physiological effect (42,43). However, to the best of our knowledge, this is the first study to demonstrate that Etio and An could improve osteoblast proliferation.
In addition to these active factors, the extracellular environment may greatly affect bone health. Bone health depends on a sufficient blood supply, since vascular networks provide nutrients, oxygen, and progenitor cells that are essential for bone function (44) . Therefore, the effects of androgens and progestin on blood vessels need to be clarified in relation to bone maintenance. The proliferation of endothelial cell vessels is important for forming and/or renovating the extensive networks of blood vessels for bone regeneration and fracture healing. Furthermore, a previous study demonstrated that endothelial cells themselves enhanced bone formation (45) . Certain evidence supports the beneficial effects of androgen on vascular functions. One study indicated that androgen stimulates endothelial cell proliferation via an androgen receptor/vascular endothelial growth factor/cyclin A-mediated mechanism (46) . Additional investigations into the effect of Preg, AD, Etio, An and NA on these aspects should be conducted.
In conclusion, the present study demonstrated for the first time that Preg, AD, Etio, and An improved the proliferation of osteoblasts in vitro. These steroids also significantly increased ALP activity and BGP secretion of hFOB cells. These findings may potentially represent novel therapeutic strategies for the treatment of osteoporosis. Therapy with these individual agents, in combination (e.g. estrogen plus the weak androgen or estrogen plus Preg), or the application of progestogen and the weak androgen during the 'drug holiday' of bisphosphonate may be more effective and safe treatment strategies. 
